There is growing evidence that estradiol (E2) enhances fear extinction memory consolidation. However, it is unclear how E2 influences the nodes of the fear extinction network to enhance extinction memory. This study begins to delineate the neural circuits underlying the influence of E2 on fear extinction acquisition and consolidation in female rats. After fear conditioning (day 1), naturally cycling female rats underwent extinction learning (day 2) in a low-E2 state, receiving a systemic administration of either E2 or vehicle prior to extinction training. Extinction memory recall was then tested 24 hr later (day 3). We measured immediate early gene c-fos expression within the extinction network during fear extinction learning and extinction recall. During extinction learning, E2 treatment increased centrolateral amygdala c-fos activity and reduced lateral amygdala activity relative to vehicle. During extinction recall, E2-treated rats exhibited reduced cfos expression in the centromedial amygdala. There were no group differences in c-fos expression within the medial prefrontal cortex or dorsal hippocampus. Examining c-fos ratios with the infralimbic cortex (IL) revealed that, despite the lack of group differences within the IL, E2 treatment induced greater IL activity relative to both prelimbic cortex and central amygdala (CeA) activity during extinction memory recall. Only the relationship between IL and CeA activity positively correlated with extinction retention. In conclusion, E2 appears to modify interactions between the IL and the CeA in females, shifting from stronger amygdalar modulation of fear during extinction learning to stronger IL control during extinction recall. V C 2016 Wiley Periodicals, Inc.
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Key words: sex differences; estradiol; infralimbic cortex; central amygdala; c-fos; fear extinction; estrous cycle; centromedial amygdala; female; PTSD; anxiety; fear; ventromedial prefrontal cortex Estradiol (E2) influences many types of learning and memory processes (Luine et al., 1998; Goodman et al., 2004; Leuner et al., 2004; Inagaki et al., 2010; Cover et al., 2014) , and studies examining E2's effects on neurogenesis, dendritic branching, and long-term potentiation have demonstrated that it can alter brain structure and function as well (Srivastava et al., 2013; Galvin and Ninan, 2014; Mahmoud et al., 2016) . Given the higher prevalence of fear and anxiety disorders in women compared with men, a better understanding of how E2 can affect the neural substrates and mechanisms that control fear responses is essential.
Fear extinction protocols provide a means to investigate the brain networks involved in the regulation of fear. The basic neural mechanisms of fear extinction have been studied extensively in males. The fear extinction network includes the infralimbic (IL) and prelimbic (PL) subregions of the ventromedial prefrontal cortex (vmPFC), amygdala, and hippocampus. Electrophysiology experiments have demonstrated that microstimulation of the IL reduces conditioned freezing in rats (Milad and SIGNIFICANCE Anxiety-and fear-based disorders affect nearly twice as many women as men. The neurobiology of fear has been extensively studied in males, and it has been found to overlap with brain networks that are altered by these psychopathologies. We previously demonstrated that estradiol enhances fear extinction memory consolidation in female rats, implying a potential neuromodulatory role for estradiol (E2) in extinction memory. This work elucidates how E2 alters neuronal activation in the networks underlying fear conditioning and extinction to improve extinction retention. Identifying these neural correlates may contribute to the development of sex-specific psychiatric treatments that account for gonadal hormone influences. Quirk, 2002) , whereas inactivation of the IL increases fear expression during extinction learning, indicating impaired extinction (Sierra-Mercado et al., 2011) . The basolateral amygdala (BLA) is noted as a site involved in fear expression and consolidation through its connections with the PL, and its connections with the IL make it a critical region for fear extinction as well (Likhtik and Paz, 2015) . The central amygdala (CeA) is composed of lateral (CeL) and medial (CeM) subregions, which mediate fear through different functions and connections with other nodes of the fear extinction network Haubensak et al., 2010; Duvarci and Pare, 2014) . The CeM serves as the fear output region and can be modulated by parallel circuits that drive fear expression and inhibit conditioned fear responses. The hippocampus is important for the contextual gating of fear learning and extinction (Moustafa et al., 2013) . Although the fear extinction circuits are well known in males, it is unclear whether these systems behave similarly in females or how they change across the estrous cycle as gonadal hormone levels naturally fluctuate.
Our laboratory demonstrated that female rats extinguished during the high-E2 proestrus phase exhibited significantly better extinction memory recall compared with those that underwent extinction during the low-E2 metestrus phase (Milad et al., 2009) . Zeidan et al. (2011) showed that extinction recall was improved in metestrus females that were given exogenous E2 and also reported elevated levels of c-fos mRNA expression within the IL and reduced levels in the amygdala. However, other brain areas were not analyzed, so the neural substrates and mechanisms through which E2 exerts its influence are still unclear. The present study investigated this by examining c-fos expression in the key nodes of the fear extinction network, PL, IL, amygdalar subnuclei, and hippocampus. Moreover, evidence reported in the literature on humans demonstrated that ratios of metabolic activity within various regions of the network appear to be more predictive of behavioral outcomes during fear conditioning and extinction (Linnman et al., 2012) . From these data, we also assessed c-fos activity ratios across the nodes noted above. Given that the IL is associated with fear inhibition and that the PL and the amygdala are associated with fear expression Westbrook, 2008, 2009; Burgos-Robles et al., 2009; Sotres-Bayon and Quirk, 2010) , we expected that differences in the distribution of neuronal activation among these structures would be relevant for extinction retention. We hypothesized that E2 administration in metestrus females prior to extinction training would 1) enhance fear extinction memory recall, 2) alter neuronal function of the IL within the fear extinction network, and 3) increase the IL/ PL as well as IL/amygdala c-fos activity ratios, which would be associated with reduced fear during extinction recall.
MATERIALS AND METHODS

Subjects
Sixty-four adult female Sprague Dawley rats (8 weeks old, 250 g; Harlan Laboratories, Indianapolis, IN) were housed in pairs at Massachusetts General Hospital Center for Comparative Medicine in Charlestown. They were maintained on a 12-hr light/dark cycle with a diet of ad libitum rat chow and water. After an acclimation period of 5-7 days in the animal colony room, the animals were handled daily for at least 1 week. All procedures conducted in this study were approved by the subcommittee on research animal care at Massachusetts General Hospital and adhered to the guidelines set forth by the institutional animal care and use committee.
Vaginal Swabbing and Cytology
All female rats were monitored daily for their estrous cycles for at least 10 consecutive days prior to the experiments and also during the days of the experiment, as previously described . Samples of loose vaginal epithelial cells were collected with cotton-tipped applicators moistened with 0.9% saline. The samples were stained with Dipquick quick stain (Jorgensen Laboratories, Loveland, CO). Phases were identified by the cell types characteristic of each estrous phase (Westwood, 2008) . Proestrus is characterized by clusters of purple-stained nucleated cells; estrus is identified by aggregated blue cornified cells; metestrus is identified by a combination of nucleated cells, cornified cells, and leukocytes; diestrus is similar to metestrus but with sparse representation of the different cell types. The level of circulating gonadal hormones varies across phases of the estrous cycle. Higher levels of E2 occur during proestrus and the first half of estrus, whereas lower levels occur during metestrus and the first half of diestrus. All rats underwent extinction training during the metestrus phase of the estrous cycle. Any animals that were not in metestrus on the day of extinction training were not included in the study.
Behavior
Prior to experimentation, all animals were pre-exposed to their assigned 25 3 29 3 29 cm Plexiglas behavioral chambers (Coulbourn Instruments, Whitehall, PA), with the house lights on for one 30-min session per day for 3 days, as described previously . The Plexiglas chamber contained a single overhead house light, a speaker for conditioned stimulus (CS) presentations, and a video camera to monitor behavior. The experiment was performed over a period of 3 days. All the phases of the experiment were conducted in the same context. On day 1, all female rats underwent five trials of the CS (tone)-alone habituation trials and were then fear conditioned with seven trials of CS paired with the unconditioned stimulus (US; foot shock) during the estrus phase. On day 2, after vaginal swabbing for confirmation of the metestrus phase, the animals were injected subcutaneously with either sesame oil (vehicle; Sigma-Aldrich, St. Louis, MO) or E2 (15 lg/kg; SigmaAldrich). Thirty minutes after the injection, all animals underwent extinction training, which consisted of 20 trials of CSalone presentations. On day 3, some of the animals were returned to the chamber and presented with three CS-alone trials for the extinction recall test. For all phases, the CS was a 30-sec, 4-kHz, 80-dB tone. For the paired trials during fear conditioning, the CS coterminated with the 0.5-sec, 0.5-mA US, in GraphicState 3.03 (Coulbourn Instruments). Every phase was performed with trials that had a variable intertrial interval averaging 3 min.
c-fos Immunohistochemistry
To evaluate changes in neuronal activity separately during extinction training and recall, two groups of animals were sacrificed at different time points. One group was sacrificed 1 hr after the extinction session and did not undergo the extinction recall test (POST-EXT), and the other was sacrificed 1 hr after recall and completed all phases (POST-REC). Another group of female rats underwent the same behavioral protocol as the POST-REC group with the exception of extinction training on day 2 to serve as the no-extinction control group (NO-EXT). One hour after the end of the extinction (POST-EXT) or recall (POST-REC and NO-EXT) session, all animals were given a lethal dose of Fatal-Plus solution (Vortech Pharmaceutical, Dearborn, MI). After they had been deeply anesthetized, the animals were transcardially perfused with 0.9% saline for 15 min, followed by 4% paraformaldehyde for 20 min at a speed of 20 ml/min. Their brains were extracted and placed in 4% paraformaldehyde overnight at 4 8C. The brains were then cryoprotected in 20% sucrose potassium phosphate-buffered saline (KPBS) solution for 24 hr and then stored in 30% sucrose KPBS solution at 4 8C until processing. For cryostat sectioning, the brains were rapidly frozen in tissue-freezing medium (Triangle Biomedical Sciences, Durham, NC) and sectioned at -21 8C in 40-lm-thick coronal slices.
Tissue containing the mPFC, amygdala, and hippocampus was collected and processed for c-fos immunohistochemistry with a modified version of the protocol described by DoMonte et al. (2015) . All antibodies used are listed in Table I . The tissue sections were washed in KPBS (7 min 3 5) and then incubated in 2% normal goat serum, 3% Triton X, and KPBS solution with 1:20,000 polyclonal rabbit anti-c-fos antibody (Calbiochem, Billerica, MA) for 18 hr at room temperature (RT). This was followed by incubation in biotinylated goat anti-rabbit IgG secondary antibody (1:200; Vector Laboratories, Burlingame, CA) for 2 hr at RT. The tissue was then incubated in avidin-biotin horseradish peroxidase complex solution (1:200; Vectastain Elite ABC kit; Vector Laboratories) for 90 min at RT. The tissue underwent staining in 0.02% 3,3 0 -diaminobenzidine, 0.3% nickel-ammonium sulfate, and 1.2% glucose oxidase sodium PBS solution reacted with D-glucose (10%) for 15-20 min until darkly stained c-fos-immunopositive nuclei were observed, and the reaction was stopped with KPBS. The sections were mounted on gelatin-subbed slides, dehydrated, cleared with Citrosolv (Fisher Scientific, Pittsburgh, PA), and coverslipped with DPX medium (Electro Microscopy Sciences, Hatfield, PA).
c-fos Immunoreactivity Analysis
The PL, IL, CeL, CeM, BLA, lateral amygdala (LA), dorsal dentate gyrus (DG), dorsal cornus ammonis region 1 (CA1), and dorsal cornus ammonis region 3 (CA3) were imaged with a CCD color camera (Moticam Pro 252A; Motic, British Columbia, Canada) mounted on a compound microscope (BA410; Motic) at 3 20. Photomicrographs were captured for sections of the PL and the IL (13.72 mm to 1 3.00 mm from Bregma), amygdala (-2.04 mm to -3.24 mm from Bregma), and dorsal hippocampus (-2.92 mm to -3.60 mm from Bregma). For each of these regions, cells from two or three sections were bilaterally counted and averaged over sections and hemispheres per animal. These values were then placed into their drug groups and averaged to obtain mean c-fos-positive cell counts for the vehicle-vs. E2-treated animals (see Table 2 for c-fos cell counts). The images were captured as a rectangular region of interest (ROI) box (268 3 329 mm) anatomically defined by Paxinos and Watson (2007) for each target brain structure. The ROI box dimensions were determined in our laboratory to create a consistent area that encompassed across-brain regions (as in Matsuo et al., 2009) . The c-fos-positive cells within this box were counted in ImageJ (NIH, Bethesda, MD; RRID:SCR_003070) by a rater blind to the experimental condition.
Statistical Analysis
Percentage freezing was calculated over the duration of the trial as the index of fear (time spent freezing during trial/30 sec) 3 100. Freezing was recorded and analyzed in FreezeScan (Clever Systems, Reston, VA) motion-sensing software. The extinction retention index (ERI) was calculated by subtracting the average of the percentage freezing of the first two trials of extinction recall from the average of percentage freezing of the last five trials of extinction training the day before. To assess behavior across the experimental phases, percentage freezing was analyzed as blocks of two trials averaged. A mixed-design ANOVA with the two-trial blocks as the within-subjects variable and drug as the between-subjects variable was conducted in freezing behavior for each of the habituation, fear conditioning, and fear extinction phases in SPSS 23.0 (IBM, Armonk, NY). An independent-samples t-test was performed to assess group differences in extinction recall (day 3). When the assumption of equal variances did not hold, the corrected values were reported. For c-fos analysis as described above, c-fosimmunopositive cells were counted and averaged for all sections within a range determined by Paxinos and Watson (2007) for each region per animal. These section means were then averaged for each drug group (vehicle and E2). c-fos Ratios were calculated by dividing the average number of IL c-fos-positive cells by the average number of c-fos-positive cells of the other regions (PL, CeM, CeL, BLA, LA). Independent samples t-tests were performed on these averaged c-fos-positive counts and ratios to assess drug effects. The IL c-fos activity ratios were correlated with ERI for the POST-REC group to assess how these relationships were associated with freezing behavior during extinction recall.
RESULTS
Behavior
All rats underwent fear conditioning on day 1 during the estrus phase and extinction training on day 2 during metestrus phase. The POST-REC group underwent recall on day 3. A mixed-design ANOVA revealed that there were no differences between the POST-EXT and POST-REC groups in the vehicle-treated animals during habituation (F 1,26 5 1.634, P 5 0.21), fear conditioning (F 1,26 5 0.045, P 5 0.83), or fear extinction (F 1,26 5 0.483, P 5 0.49). This was also found to be true in the E2-treated groups for habituation (F 1,22 5 0.066, P 5 0.80), fear conditioning (F 1,22 5 0.119, P 5 0.73), and fear extinction (F 1,22 5 0.232, P 5 0.64). Because the POST-EXT and POST-REC groups both underwent the same protocols for habituation, fear conditioning, and fear extinction and were not different across all phases, these groups were combined for analysis purposes (vehicle n 5 28; E2 n 5 24; Fig. 1 ). Fear recall is represented only by the POST-REC group (vehicle n 5 14; E2 n 5 14; Fig. 1 ). The behavioral data are represented as blocks of two trials averaged. A mixed-design ANOVA revealed that there was an effect of block (F 1,50 5 13.17, P 5 0.001), no drug 3 block interaction (F 1,50 5 0.34, P 5 0.56), and no effect of drug during habituation (F 1,50 5 0.30, P 5 0.59). For the fear conditioning phase, there was an effect of block (F 2.100 5 4.51, P 5 0.01) but no significant drug 3 block interaction (F 2.100 5 1.68, P 5 0.19) or main effect of drug (F 1,50 5 0.006, P 5 0.94). A main effect of extinction block (F 9,450 5 3.10, P 5 0.001) was observed but no drug 3 block interaction (F 9,450 5 1.30, P 5 0.23) or effect of drug during fear extinction training (F 1,50 5 0.26, P 5 0.62). To summarize, the results of the statistical analyses showed that 1) there were differences across habituation and conditioning blocks and extinction occurred and 2) there were no significant group differences between the vehicle-and estrogen-treated animals during the habituation, conditioning, and extinction phases. In contrast, the POST-REC animals that received E2 on day 2 exhibited a significant reduction in freezing during recall on day 3 compared with the animals that received vehicle (t 26 5 2.535, P 5 0.02), as revealed by an independent samples t-test. The amount of retention of extinction learning from day 2 observed during extinction recall (as indicated by ERI) was also significantly greater in E2-treated females compared with vehicle (t 24 5 -2.652, P 5 0.01). This result replicates our previous findings (Zeidan et al., 2011) .
c-fos
Animals that were sacrificed 1 hr after extinction training (POST-EXT) exhibited no significant differences among drug groups in PL (t 9.259 5 1.916, P 5 0.09) and IL (t 14 5 1.459, P 5 0.17) c-fos expression as shown by an independent samples t-test (vehicle n 5 8, E2 n 5 8; Fig.  2A ). This was also observed in the PL (t 15 5 0.012, P 5 0.99) and the IL (t 15 5 -0.390, P 5 0.70) of animals that were sacrificed 1 hr after recall (POST-REC; vehicle n 5 8, E2 n 5 9). However, quantification of c-fospositive cells revealed that there were differences within the amygdala (Fig. 2B) . In the POST-EXT group, E2 administration significantly increased c-fos expression in the CeL (t 7.650 5 -2.295, P 5 0.05; Fig. 3 ) but significantly decreased c-fos immunoreactivity in the LA (t 14 5 3.325, P 5 0.01). E2 did not affect c-fos expression in the BLA (t 8.639 5 -2.106, P 5 0.07) or the CeM (t 14 5 -1.023, P 5 0.32) compared with vehicle during extinction (vehicle n 5 8, E2 n 5 8). In the POST-REC group, E2 treatment reduced c-fos expression only within the CeM relative to vehicle (t 9.707 5 2.494, P 5 0.03) and had no effect on c-fos immunoreactivity in the LA (t 15 5 2.059, P 5 0.06), CeL (t 15 5 1.173, P 5 0.259), or BLA (t 15 5 0.000, P 5 1.00; vehicle n 5 8, E2 n 5 9). We did not find differences in c-fos expression in any of the subregions of the hippocampus during extinction or extinction recall (P > 0.05; vehicle n 5 5-8, E2 n 5 7-9; Fig. 2C ).
c-fos Ratios
Given findings reported in the literature on humans (Linnman et al., 2012) , we examined the effects of E2 on the relationship of c-fos expression between the IL and other ROIs, represented by their ratios (IL c-fos-positive cell count divided by c-fos-positive cell count for a different region, PL, CeM, CeL, BLA, or LA; Figs. 4 and 5). For the POST-EXT group, an independent samples t-test showed that there was no significant difference as a function of drug treatment in the IL/PL c-fos ratio (t 14 5 -0.147, P 5 0.89; Fig. 4 ). In the POST-REC group, however, the IL/PL c-fos ratio was significantly higher in the E2-treated group (t 8.383 5 -2.405, P 5 0.04). There were no group differences in the IL/ CeM c-fos ratio in the POST-EXT group (t 7.197 5 1.641, P 5 0.14), whereas E2 increased this ratio in the POST-REC group (t 11 5 -2.473, P 5 0.03; Fig. 5A ). IL/CeL c-fos immunoreactivity ratio was significantly lower in the E2-treated animals in the POST-EXT group (t 7.820 5 3.173, P 5 0.01; Fig. 5B ). In contrast, the IL/CeL c-fos ratio was significantly higher with E2 treatment in the POST-REC group (t 5.674 5 -2.756, P 5 0.04). There were no group differences in IL/BLA and IL/LA c-fos ratios in either the POST-EXT (t 14 5 0.092, P 5 0.93) or the POST-REC (t 10 5 0.060, P 5 0.95) group (Fig. 5C,D) .
c-fos Ratio and ERI Correlations
The following results are reported for only the POST-REC group. The IL/PL c-fos ratio was not significantly correlated with the ERI (r 5 -0.048, P 5 0.86). IL/CeM c-fos ratio, on the other hand, was positively correlated with ERI (r 5 0.605, P 5 0.03). The IL/CeL c-fos ratio was also positively correlated with ERI (r 5 0.719, P 5 0.006). However, this result might have been driven by a single animal that had a very high ERI and IL/CeL ratio because the effect was lost when the animal was omitted (Fig. 5B, correlation graph) . This animal was not eliminated because it did not meet any criteria for exclusion. Therefore, it is important to note that the correlation between ERI and the IL/CeM c-fos ratio may be the more critical relationship than that with the IL/CeL c-fos ratio. Furthermore, neither IL/BLA (r 5 -0.039, P 5 0.90) nor IL/LA (r 5 0.156, P 5 0.69) correlated with ERI. Therefore, the effects of E2 emerge only in the relationships between IL and CeA neuronal activity, and these relationships, primarily IL/CeM, are associated with extinction retention during recall. Fig. 1 . Timeline of experiment and effect of E2 on freezing behavior. All animals underwent a 3-day behavioral protocol. Habituation and fear conditioning took place on day 1, fear extinction training on day 2, and extinction recall on day 3. Extinction training occurred during the metestrus phase of the estrous cycle, and subcutaneous vehicle or E2 injections (INJ) were performed 30 min (30") prior to the start of the session. The POST-EXT group was sacrificed 1 hr after the extinction session, and the POST-REC group was sacrificed 1 hr after the recall session. E2 does not influence freezing behavior during fear conditioning and extinction but does enhance extinction recall. POST-EXT and POST-REC groups (vehicle n 5 28, E2 n 5 24) were combined for both the conditioning and the extinction phases. The extinction recall phase is represented by the POST-REC group (vehicle n 5 14, E2 n 5 14; *P 0.05).
NO-EXT Control Group
To evaluate whether the influence of E2 on extinction recall was an effect of E2 alone, a group of female rats (n 5 12) was tested in metestrus, just as described for the POST-REC group excluding extinction training on day 2 (Fig. 6) . Half of the rats received vehicle injections, and the other half received E2 injections. A mixed-design ANOVA performed for each experimental Quantification of c-fos-positive expression within the PL and IL regions of the mPFC, outlined by the dashed lines in the image, are represented in the graphs. There were no significant effects of drug in the mPFC (POST-EXT vehicle n 5 8, E2, n 5 8; POST-REC vehicle n 5 8, E2 n 5 9). B: c-fos Expression was measured within the LA, BLA, CeL, and CeM. During extinction, E2 increased CeL activity while reducing LA and BLA activity (vehicle n 5 8, E2 n 5 8). During recall, E2 reduced neuronal activation in the CeM and LA (vehicle n 5 8, E2 n 5 9). C: Hippocampal c-fos expression was counted for the dorsal subregions: DG (POST-EXT vehicle n 5 8, E2 n 5 8; POST-REC vehicle n 5 5, E2 n 5 9), CA1 (POST-EXT vehicle n 5 8; E2 n 5 8; POST-REC vehicle n 5 6, E2 n 5 9), and CA3 (POST-EXT vehicle n 5 7, E2 n 5 7; POST-REC vehicle n 5 6, E2 n 5 7). There were no differences in c-fos activity with E2 administration. Open bars represent vehicle-treated animals; solid bars represent E2-treated animals. *P 0.05. PL, prelimbic cortex; IL, infralimbic cortex; LA, lateral amygdala; BLA, basolateral amygdala; CeL, centrolateral amygdala; CeM, centromedial amygdala; DG, dentate gyrus; CA1, cornus ammonis region 1; CA3, cornus ammonis region 3.
phase revealed that there were no group differences during habituation (F 1,10 5 0.020, P 5 0.89), fear conditioning (F 1,10 5 0.021, P 5 0.89), or extinction recall (t 10 5 -1.028, P 5 0.33; Fig. 6A ). Moreover, E2 did not alter c-fos expression in any of the target brain structures or the c-fos ratios with the IL (P > 0.05), which was in contrast to that found for the POST-REC group (Fig.  6B,C) . These results confirmed that E2's effect in enhancing fear extinction memory was not due to E2's effects alone.
DISCUSSION
We used immediate early gene c-fos immunohistochemistry in the present study to investigate the effects of E2 in the female brain and, in particular, in modulating mPFCamygdala interactions during fear extinction. We found a significant increase in c-fos expression within the CeL in E2-treated rats and the opposite effect in the LA during extinction. E2 significantly reduced CeM c-fos expression during recall. Contrary to what we had expected, E2 did not alter neuronal activation in the PL or the IL during recall. However, we observed effects of E2 on c-fos ratios representing neuronal activity relationships within the IL and the PL as well as the relationships between the IL and specific amygdalar subnuclei. Only the IL/CeA ratios positively predicted extinction retention during recall. Moreover, E2 administered in the absence of extinction training had no effect on freezing behavior on day 3 or c-fos expression. These results indicate that 1) E2 impacts the Fig. 3 . Photomicrographs of the centrolateral amygdala comparing c-fos expression with vehicle vs. E2 treatment in POST-EXT. The ROI for the CeL is magnified to 320 (right) from 3 4 (left) to visualize the pronounced increase in c-fos immunoreactivity following E2 administration. LA, lateral amygdala; BLA, basolateral amygdala; CeL, centrolateral amygdala; CeM, centromedial amygdala. Fig. 4 . IL/PL c-fos activity ratio of POST-EXT and POST-REC groups and correlation with ERI. IL/PL c-fos activity ratio are significantly higher in the E2 group during extinction recall but not during extinction learning. The IL/PL c-fos ratio is not correlated with how much extinction was conserved (ERI). Open bars represent vehicle-treated animals; solid bars represent E2-treated animals. Open dots in the correlation graphs represent vehicle-treated animals; solid dots represent the E2-treated animals (POST-EXT vehicle n 5 8, E2 n 5 8; POST-REC vehicle n 5 8, E2 n 5 9; *P 0.05). PL, prelimbic cortex; IL, infralimbic cortex.
fear extinction circuitry on a network level rather than on individual regions, 2) E2 induces a shift in neuronal activation from greater CeA activity relative to IL during extinction learning to the reverse to enhance extinction memory consolidation and reduce fear during extinction recall, and 3) E2's effects on extinction recall are synergistic with extinction training and have no effect on freezing during extinction recall when administered alone.
E2 Influences on Amygdalar Subnuclei
E2 reduces neuronal activation within the LA, which receives and processes converging sensory Fig. 5 . C-fos activity ratios with the IL and subregions of the amygdala and their correlations with ERI. A: E2 did not alter the IL/CeM c-fos ratio in the POST-EXT group but increased it in the POST-REC group. The IL/CeM ratio was positively correlated with ERI. B: The IL/CeL c-fos ratio was significantly reduced in the POST-EXT group but significantly increased in the POST-REC group. The IL/CeL c-fos ratio was also positively correlated with ERI. C,D: There were no differences in IL/BLA and IL/LA c-fos ratios with E2 treatment, and, similarly, no correlations were found between both ratios with ERI. Open bars represent vehicle-treated animals; solid bars represent E2-treated animals. Open dots in the correlation graphs represent vehicle-treated animals; solid dots represent E2-treated animals (POST-EXT vehicle n 5 8, E2 n 5 8; POST-REC vehicle n 5 8, E2 n 5 9; *P 0.05). IL, infralimbic cortex; LA, lateral amygdala; BLA, basolateral amygdala; CeL, centrolateral amygdala; CeM, centromedial amygdala. information about the CS and the US, suggesting a potential weakening of the CS-US association during extinction learning. In this circuitry, the BLA receives the integrated CS-US information from the LA before transmitting it to the CeM, from which fear expression is controlled (Ehrlich et al., 2009; Lee et al., 2013; Tovote et al., 2015) . Therefore, E2 may be reducing LA input to the BLA, which reduces input to the CeM and in turn decreases the fear response. Recent findings have described distinct populations of neurons within the BLA that have opposing functions in modulating CeM output, fear neurons that promote the expression of fear and extinction neurons that inhibit fear (Duvarci and Pare, 2014) . We did not find E2-induced differences in c-fos expression in the BLA, but this may be due to the presence of both types of neurons, which could not be distinguished from each other with the methods used here.
Among the amygdala subregions, the data suggest that the CeA may be the most critical site in E2's effects on fear extinction. We found that, during extinction learning, E2 increased CeL neuronal activation. It has been reported that, within the CeA microcircuit, the CeL exerts an inhibitory influence over the CeM via specific populations of neurons within the CeL (CeL on and CeL off Fig. 6 . NO-EXT control behavior and c-fos. A: A separate group of animals underwent the same 3-day protocol as the POST-REC group but did not receive extinction training after the vehicle (n 5 6) or E2 (n 5 6) injection. There was no difference between drug treatments in percentage freezing in fear conditioning or recall. INJ, vehicle or E2 injection. B: E2 did not influence neuronal activation in any subregion of the mPFC, amygdala, or dorsal hippocampus. C: In contrast to the POST-REC group, the NO-EXT control group did not exhibit any differences in c-fos activity ratios with the IL (IL/PL, IL/CeM, IL/ CeL). Open bars represent vehicle-treated animals; solid bars represent E2-treated animals. PL, prelimbic cortex; IL, infralimbic cortex; LA, lateral amygdala; BLA, basolateral amygdala; CeL, centrolateral amygdala; CeM, centromedial amygdala; DG, dentate gyrus; CA1, cornus ammonis region 1; CA3, cornus ammonis region 3. cells). CeL on cells inhibit the CeL off neurons, causing the disinhibition of the CeM to enhance conditioned fear expression Haubensak et al., 2010) . It is possible that E2 strengthens this control of the CeL over the CeM (perhaps specifically enhancing CeL off neuronal activation) to reduce fear expression. Animals treated with E2 before extinction exhibited significantly reduced CeM neuronal activation during recall, with no effects in the other regions of the amygdala. This result corroborates the aforementioned idea that E2 may be dampening the amygdalar nuclei that are involved in driving fear expression (LA) while enhancing those that are inhibiting fear expression (CeL) during extinction training. It is interesting to note that these changes in the brain occurred during extinction training but did not manifest behaviorally (Fig. 1) until the following day, when E2-induced alterations in only the CeM correlated with reduced fear during recall. Other articles have described effects of E2 within the CeA that are in line with our findings. For example, Jasnow et al. (2006) demonstrated that E2-enhanced fear conditioning in female mice was CeA dependent via a corticotropin-releasing hormonemediated mechanism. Overall, these data suggest that E2 may modulate neuroplasticity within these amygdalar circuits during the extinction memory consolidation period, strengthening the circuit that exclusively dampens CeM activity and, thus, fear expression during recall.
E2-Mediated Shifts in Prefrontal-Amygdalar Interactions
E2 did not significantly impact neuronal activity within the PL or the IL alone, despite reports in the literature highlighting their critical roles in fear expression and extinction. However, examining c-fos activity ratios revealed relationships between the IL and other nodes of the fear extinction network that not only differed across the two time points but also correlated with extinction retention. The parallel and essentially competing prefrontal-amygdalar circuits that drive and inhibit the expression of conditioned fear have been studied extensively (Quirk et al., 2003; Likhtik et al., 2005;  for review see Tovote et al., 2015) . The greater IL/PL c-fos ratio indicates an E2-induced switch from the fear expression to the fear inhibition circuits that appear to be dictated by these subregions. E2 appears to enhance consolidation of the extinction memory by shifting the balance of neuronal activation toward the IL relative to the fear-driving regions such as the PL and the CeA. However, the IL/PL ratio did not predict ERI, whereas IL/CeA ratios did; this suggests that interregion and not intraregion relationships are critical in predicting extinction retention (Figs. 4 and  5) . Therefore, E2 may be strengthening the circuit in which the IL projects to either the BLA or the intercalated cells (ITCs) of the amygdala to inhibit the CeM (Lee et al., 2013;  Fig. 7 ), although we did not find differences in the BLA. The influence of E2 on the ITCs warrants future investigation because they are the intermediary structures en route from the IL to the CeM. Given that extinction recall is impaired in individuals with posttraumatic stress disorder (PTSD) and anxiety, these findings support the literature describing a frontolimbic circuit imbalance (heightened amygdalar activation and reduced vmPFC activation) in these psychopathologies (Kim et al., 2011; Hayes et al., 2012; Tromp et al., 2012) . This effect is opposite that of E2 on this circuit and is one potential mechanism through which E2 may restore balance and improve extinction recall.
Sex Differences in the Corticolimbic Circuit
Sex differences have been increasingly reported in fear extinction and may be relevant to the heightened vulnerability of women to anxiety and stress-related psychopathologies (Breslau et al., 1997; Shvil et al., 2014; . Our current findings suggest that differences in the neural correlates of fear in female rats are in part mediated by E2, and these differences across E2 states may underlie sex differences in engaged fear extinction circuitry. In fact, sex differences in the role of the mPFC in fear extinction have been reported previously (Baran et al., 2010; Fenton et al., 2014) . Moreover, a recent study in humans demonstrated sex differences and E2 effects in resting-state functional connectivity of the laterobasal and centromedial amygdala with higher connectivity with the vmPFC in men and women with higher levels of E2 (Engman et al., 2016) . Given that these regions are homologous with the rodent BLA, CeM, and IL, this is in line with our findings suggesting that E2 induces changes in prefrontal connectivity with the amygdala that yield sex differences by modifying ILamygdala interactions and their contributions to fear extinction behavior.
Clinical Translation
The present study is the first to examine the network-level effects of E2 on fear extinction from extinction learning to extinction recall; as such, it provides critical insight into the brain networks underlying anxiety and fear-based disorders in women. Our data support the growing literature indicating that, given the relationship between naturally fluctuating endogenous E2 and fear extinction memory, the success of psychiatric treatment (efficacy, duration, efficiency) may depend on gonadal hormone status (Wegerer et al., 2014; Glover et al., 2015; Pineles et al., 2016) . Based on these data, E2 may strengthen the consolidation of extinction memory via modulation of the amygdalar nuclei by the IL. This has powerful implications for improved treatment targets and enhanced efficacy of treatments dependent on fear extinction processes, such as exposure therapy.
Future Directions
Evidence suggesting that E2 can strengthen extinction memory consolidation is important for improving therapeutic outcomes for individuals suffering from PTSD and other fear and anxiety-related disorders.
However, the long-term maintenance of these effects on extinction memory has yet to be determined, and their durability is an important consideration for the potential augmentation of therapy with E2. We have identified brain regions and nuclei that are modified by E2 and associated with its effects on behavior at critical time points (during extinction learning and during extinction recall); however, it is unclear which point of the extinction session is represented by the c-fos expression reported in this study because early and late extinction may induce differential effects. It is imperative to investigate E2's effects on fear extinction circuitry during memory consolidation to bridge the gap of neuronal change and plasticity that may occur between day 2 and day 3. To explore this issue further, examining the molecular signaling mechanisms of E2 action would be advantageous. Estrogen can enhance learning and memory through activation of both nongenomic and classical transcriptional mechanisms. The classical mechanism of estrogen relies on a more slowly acting genomic process initiated by estrogen receptor binding at nuclear receptors. On the other hand, the more rapid mechanism relies on activation of cell membrane receptors, involving intracellular signaling pathways. These pathways appear to converge at the level of transcription and protein synthesis, with evidence to suggest that this can occur through activation of the PI3K/ Akt and/or MAPK/ERK signaling cascades (Pedram et al., 2002;  for review see Cover et al., 2014) . Given the rapid yet long-lasting effects of E2 on fear extinction, both of these mechanisms may be activated within the CeA to elicit the neuronal and behavioral effects we report in this study.
The current findings indicate that E2 shifts the balance in neuronal activity between the IL and the amygdala more toward the IL for increased inhibitory control over fear output from the CeM. Observing this relationship underscores the importance of investigating neural interactions within a network vs. considering solely the contributions of individual brain regions. Moreover, the influence of E2 on neuronal activity within the ventral hippocampus was not included in the current analyses, but this region also has critical connections to the IL and the amygdala that can modulate fear extinction and should be explored as well. Given the limitations of c-fos in examining real-time connectivity between the IL and the amygdala, future study of these sites in vivo, perhaps with electrophysiology or optogenetics, is essential for further elucidation of these E2-mediated relationships. Fig. 7 . E2 modulation of fear extinction memory and circuitry. From the findings in this study, we propose that E2's modulatory effects on fear extinction memory consolidation are driven by the IL-amygdala circuit of the network. In the case of the metestrus females that received vehicle injections and thus had less E2 during extinction training, the glutamatergic connections (blue) between the IL and the ITC and GABAergic projections (black) to the CeA are weak, as indicated by the dashed lines. This leads to greater fear expression during fear extinction recall (red). E2 administration strengthens these connections (indicated by the solid lines) to reduce fear expression during recall (green) and enhance extinction retention. More specifically, it appears that, with increasing E2 levels, there is a shift in neuronal activation from stronger CeA to IL activity (red) to stronger IL to CeA activity (green). This shift is correlated with more and less fear during extinction recall, respectively. PL, prelimbic cortex; IL, infralimbic cortex; BLA, basolateral amygdala; CeL, centrolateral amygdala; CeM, centromedial amygdala; CeA, central amygdala; ITCv, ventral intercalated cells of the amygdala.
